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S U M M A R Y  

A coherent  C02 l i d a r  opera t ing  i n  a master o s c i l l a t o r  power 
amplifer configuration (MOPA) is described for both ground-based 
and a i r b o r n e  ope ra t ion .  Representa t ive  d a t a  taken from measure- 
ments against stationary targets in both the ground-based and 
a i r b o r n e  c o n f i g u r a t i o n s  a r e  shown f o r  t h e  eva lua t ion  of  t h e  
f reauency  s t a b i l i t y  of t h e  system. Examples of da t a  a r e  also 
given which show t h e  r e s u l t s  of anomalous system ope ra t ion .  
Overa l l  r e s u l t s  demonstrate t h a t  v e l o c i t y  measurements can be 
performed consistently t o  an accuracy of kO.5 m/s and in some 
c a s e s  kO.1 m / s .  

I N T R O D U C T I O N  

The pulsed coherent  C02 l i d a r  is shown i n  f i g u r e  1 .  T h i s  
system has been operated in both ground-based and airborne con- 
f i g u r a t i o n s  s i n c e  1971. Extensive mod i f i ca t ions  have been made 
and numerous measurements have been performed t o  o b t a i n  b e t t e r  
unders tanding  of t h e  ope ra t ion  of t h e  l i d a r  and i t s  inhe ren t  
measurement accuracy. I d e a l l y ,  t h e  measurement accuracy should 
be determined primarily by the signal-to-noise ratio. To that 
end, many c o n t r i b u t i n g  e r r o r s  m u s t  be overcome. S ince  many of 
t h e  errors are due in part to system configuration, the ground- 
based o p e r a t i o n  of t h e  system w i l l  be descr ibed  f i r s t ,  followed 
by a description of airborne operation. A more detailed 
description of the system, its operation and associated errors 
will be found in references 1 and 2. 

GROUND-BASED CONFIGURATION 

A simplified block diagram of the lidar in its ground-based 
c o n f i g u r a t i o n  is  shown i n  f i g u r e  2 .  The master  o s c i l l a t o r  l a s e r  
is an e i g h t  wat t  cont inuous wave CO2 l a s e r  o p e r a t i n g  a t  a 
wavelength of 1 0 . 6  microns. B r i e f l y ,  a smal l  p o r t i o n  of t he  
l a s e r  ou tput  is  s p l i t  o f f  and d i r e c t e d  t o  a p y r o e l e c t r i c  d e t e c t o r  
where i t  is combined w i t h  t he  l o c a l  o s c i l l a t o r  l a s e r .  The beat  
s i g n a l  ou t  of t h i s  d e t e c t o r  i s  u s e d  i n  a l ock ing  loop t o  lock t h e  



l o c a l  o s c i l l a t o r  l a s e r  t o  a 10 MHz o f f s e t  from t h e  master  o s c i l -  
l a t o r  l a s e r .  The main p o r t i o n  of  t h e  master  o s c i l l a t o r  l a s e r  i s  
d i r e c t e d  through an e l e c t r o - o p t i c  modulator,  an i s o l a t o r ,  a beam 
expander and i n t o  a s e r i e s  of s i x  l o n g i t u d i n a l  d i scha rge  tubes  
which serve as the power amplifier. The output of the power 
amplifier passes through a Brewster window, a quarter-wave plate 
and i n t o  t h e  t e l e s c o p e  where i t  is expanded t o  a diameter  of 2 4  
cm (measured t o  t h e  l / e 2  p o i n t s ) .  The r e t u r n  beam, s c a t t e r e d  by  
t h e  t a r g e t ,  i s  c o l l e c t e d  by t he  same t e l e s c o p e ,  d i r e c t e d  t h r o u g h  
the quarter-wave plate, then reflected off t h e  Brewster window to 
t h e  d e t e c t o r  where i t  is combined w i t h  t he  l o c a l  o s c i l l a t o r  beam. 
The output  of t h e  d e t e c t o r  i s  then  processed t o  e x t r a c t  t he  Dop- 
p l e r  v e l o c i t y  and a s s o c i a t e d  information.  Veloc i ty  e r r o r s  a r i s e  
p r i m a r i l y  from four  d i f f e r e n t  a r e a s  w i t h i n  t h i s  p rocess .  These 
a r e  d iscussed  i n  g r e a t e r  d e t a i l  a s  fo l lows .  

A .  E l ec t ro -op t i c  modulator 

The e l e c t r o - o p t i c  modulator c o n s i s t s  of two Cadmium Te lu r ide  
c r y s t a l s  nested i n  a s e r i e s  of Brewster p l a t e s .  Modulation o f  
t he  beam i s  accomplished by applying a vo l t age  t o  t he  f i r s t  c r y s -  
t a l  which r o t a t e s  t h e  p o l a r i z a t i o n  of t h e  beam such t h a t  i t  i s  
passed by t he  c e n t r a l  Brewster p l a t e s .  A t  a s e l e c t a b l e  time 
l a t e r  ( 1 ,  2 ,  4 ,  o r  8 microseconds) .  vo l t age  i s  app l i ed  t o  t h e  
second c r y s t a l  which r o t a t e s  t h e  p o l a r i z a t i o n  s o  t h a t  t he  beam is 
blocked by t he  f i n a l  s e t  of  Brewster p l a t e s .  F a i l u r e  of t h e  
second c r y s t a l  i n  t h e  1984 f l i g h t  t e s t s  desc r ibed  i n  r e f e r e n c e  1 
produced the pulse  shape shown i n  f i g u r e  3. The arrow a t  t h e  top  
of t he  f i g u r e  i n d i c a t e s  t he  po in t  a t  which t h e  second c r y s t a l  
would normally have terminated t h e  pulse .  The exponen t i a l  decay 
fo l lowing  the  arrow is  the  r e l a x a t i o n  of t h e  c r y s t a l  while t he  
long t a i l  is the  r e s u l t  of a c o u s t i c  r ing ing .  An ampli tude p l o t  
of t h e  r e t u r n  i n  t h e  v i c i n i t y  of a mountain peak i s  shown i n  
f i g u r e  4 .  Five t r a c e s  a r e  shown i n  t h i s  f i g u r e ,  one u p  w i n d  of 
t h e  mountain where t h e r e  a r e  no a e r o s o l s  and hence no s i g n a l ,  one 
on t h e  downwind s i d e  where a e r o s o l s  from t h e  mountain have been 
e n t r a i n e d  and t h r e e  t r a c e s  where the  mountain was h i t .  The 
shelf, which is evident just prior to the peak in signal return 
from the  mountain, i s  due t o  pre-pulse  leakage ,  whereas the  r i n g -  
i n g  a f t e r  t h e  peak is  due t o  t h e  pulse  t a i l  caused by a c o u s t i c  
ringing in the first crystal. It is apparent that significant 
e r r o r s  can r e s u l t  due t o  c o n t r i b u t i o n s  from both t h e  pre-pulse  
s h e l f  and t h e  t a i l .  While it  is not  ev iden t  from looking  a t  t he  
t r a c e  of the a e r o s o l  r e t u r n ,  t h e  apparent  range t o  which measure- 
ments have been made has been g r e a t l y  extended due p r imar i ly  t o  
t h e  i n t e g r a t i n g  e f f e c t  of t h e  l o n g  t a i l  i n  p a r t i c u l a r .  Hence, 
v e l o c i t v  measurements beyond approximately 8 km a r e  i n  r e a l i t y  
t h e  r e s u l t s  of  an average over t h e  e n t i r e  l e n g t h  of t h e  t a i l  and 
a r e  n o t  from the  primary pulse .  Refurbishment of t he  modulator 
with improved mounting techniques has reduced this problem, but a 
double crystal is still used to provide a well-defined pulse 
shape. The modulation frequency is v a r i a b l e  from 100 t o  200 Hz. 



B. I s o l a t o r  

The i s o l a t o r  is  an I n d i u m  An%imonide c r y s t a l  embedded ir; a 
permanent magnet. The i s o l a t o r  prevents  r a d i a t i o n  which has been 
sca t te red  from o p t i c a l  s u r f a c e s  downstream from t h e  master os- 
c i l l a t o r  from r e e n t e r i n g  t h e  l a s e r  and  caus ing  frequency p u l l i n g  
i n  t h e  master o s c i l l a t o r .  The  i s o l a t o r  provides  approximately 1 2  
dB of i s o l a t i o n  w i t h  3 dB of l o s s .  A p l o t  of t he  apparent  Dop- 
p l e r  v e l o c i t y  of a mountain approximately 15 km f rom t h e  l i d a r  
w i t h  t h e  i s o l a t o r  removed is  shown i n  f i g u r e  5. As can be seen 
from t h i s  p l o t ,  s i g n i f i c a n t  v e l o c i t y  excurs ions  occur w i t h  a De- 
r i o d i c i t y  of approximately 9 0  seconds. T h i s  is  i n  c o n t r a s t  t o  
t h e  p l o t  shown i n  f i g u r e  6 w i t h  t h e  i s o l a t o r  i n  p l ace .  I n  t h i s  
case  t h e  v e l o c i t y  excur s ions  a r e  l e s s  than kO.5 m / s .  

C .  Local o s c i l l a t o r  

The primary d i f f e r e n c e  between t h e  a i r b o r n e  and ground-based 
c o n f i g u r a t i o n s  i s  t h a t  i n  t h e  case of t h e  ground-based conf igura-  
t i o n ,  a s e p a r a t e  l o c a l  o s c i l l a t o r  l a s e r  i s  locked t o  the  master 
o s c i l l a t o r  l a s e r  a t  a frequency o f f s e t  of 1 0  MHz. T h i s  a l lows  
t h e  v e l o c i t y  sense  ( i . e . ,  t h e  d i r e c t i o n  of t h e  motion) t o  be de- 
termined by no t ing  on which s i d e  of t h e  1 0  MHz l o c a l  o s c i l l a t o r  
t he  Doppler s h i f t e r  s i g n a l  occurs .  I n  t h e  o f f s e t  local o s c i l -  
l a t o r  c a s e ,  e r r o r  i s  a f u n c t i o n  of how w e l l  t h e  two lasers  can  be 
locked. The locking  loop is  designed f o r  k100 kHz; however, i n  
p r a c t i c e  c o n s i d e r a b l e  v a r i a b i l i t y  is  experienced depending upon 
how w e l l  t h e  lock ing  loop i s  t u n e d  under a given s e t  of ambient 
c o n d i t i o n s .  F igure  7 shows v e l o c i t y  measurements of t he  s i g n a l  
r e t u r n  from a mountain a t  a range of 4350 meters.  I n  t h i s  
f i g u r e ,  t h e  locking   loo^ has been tuned t o  DrOdUCe a v a r i a t i o n  of 
o n l y  kO.1 m / s .  T h i s  corresponds t o  a frequency s t a b i l i t y  of ap- 
proximately k 1 8  kHz; however, t h i s  is t h e  r e s u l t  of a 50 pulse  
averane.  If we a l low f o r  a n imDrovement i n  v a r i a n c e ,  where n 
is  t h e  number of s h o t s  averaged,  t h i s  r e s u l t s  i n  a s i n g l e  pulse  
f requency s t a b i l i t y  of +_50 kHz. F igure  8 i l l u s t r a t e s  momentary 
l o s s  of lock r e s u l t i n g  in  sharp excurs ions  i n  t h e  measured 
v e l o c i t y  . A 30 minute time h i s t o r y  is  shown i n  f i g u r e  9 ,  
demonst ra t ing  t h e  long-term s t a b i l i t y  bf t h e  system. The s l i g h t  
o f f s e t  from zero  is a func t ion  of how wel l  t h e  loop has been 
tuned t o  t h e  10 MHz o f f s e t .  As can be seen from t h i s  f i g u r e  t h e r e  
is  a long-term d r i f t  of approximately 0.25 m / s  p l u s  occas iona l  
sho r t - t e rm o s c i l l a t i o n s  of kO.25 m / s .  Excluding t h e  momentary 
l o s s e s  of l o c k ,  t h e  o v e r a l l  accuracy of t h e  measurement is d e t e r -  
mined by t h e  sho r t - t e rm o s c i l l a t i o n s  of k0.25 m / s .  

D. Zero Doppler s h i f t  measurement 

O r d i n a r i i y  i t  is  not poss ib i e  t o  perform measurements of a 
s t a t i o n a r y  t a r g e t  w i t h  a coherent  l i d a r  such a s  has been 
desc r ibed .  T h i s  is due t o  t h e  f a c t  t h a t  l eakage  from the  master 
o s c i l l a t o r  l a s e r  heterodynes w i t h  t h e  l o c a l  o s c i l l a t o r  t o  produce 
an extremely s t r o n g  bea t  s i g n a l  a t  t h e  o f f s e t  f requency.  T h i s  
b e a t  s i g n a l  w i l l  obscure aiiy r e t u r n  from a s t a t i o n a r v  t a r g e t  
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which a l s o  o c c u r s  a t  t h e  o f f s e t  f r e q u e n c y .  T h e r e f o r e ,  i n  o r d e r  
t o  perform t h e  m e a s u r e m e n t s  p r e v i o u s l v  d e s c r i b e d ,  i t  is  n e c e s s a r y  
t o  remove  t h e  o f f e n d i n g  beat  s i g n a l .  T h i s  is  accompl ished  bv a p -  
p l y i n g  a v o l t a g e  l l k i c k f l  t o  t h e  p z t  of t h e  master o s c i l l a t o r  l a s e r  
s h o r t l y  a f t e r  p u l s e  t r a n s m i s s i o n .  When t h i s  o c c u r s ,  t h e  
f r e a u e n c v  of t h e  l aser  is  d r i v e n  t o  a p o i n t  where t h e  bea t  s i g n a l  
b e t w e e n  t h e  master o s c i l l a t o r  a n d  t h e  l o c a l  o s c i l l a t o r  is o u t s i d e  
the bandpass of the signal processing electronics, Scattered 
r a d i a t i o n  f rom s t a t i o n a r y  t a r g e t s  w i l l  t h e n  b e  h e t e r o d y n e d  w i t h  
t h e  l o c a l  o s c i l l a t o r  and  w i l l  appea r  as  a b e a t  s i g n a l  a t  t h e  o f f -  
s e t  f r e a u e n c v  w i t h o u t  c o n t a m i n a t i o n  from t h e  master o s c i l l a t o r  
leakage. If t h i s  process  is  n o t  d o n e  c a r e f u l l y ,  e r ro r s  w i l l  b e  
i n t r o d u c e d  i n t o  t h e  m e a s u r e m e n t s .  F i g u r e  10  i l l u s t r a t e s  t h e  
f r e q u e n c y  e x c u r s i o n  of t h e  master o s c i l l a t o r  l a s e r  as i t  i s  
d r i v e n  o u t  o f  band .  I t  is a p p a r e n t  from t h i s  f i g u r e  t h a t  i f  t h e  
master o s c i l l a t o r  l a s e r  is  n o t  d r i v e n  s u f f i c i e n t l v  f a r  o f f ,  
f r e a u e n c v  and o s c i l l a t i o n s  appear a t  t h e  e d g e  o f  t h e  pass  band  o f  
t h e  s i g n a l  p r o c e s s i n g  e l e c t r o n i c s  c r e a t i n g  l a r g e  e r r o r s  i n  
v e l o c i t y  measu remen t .  

A I R B O R N E  C O N F I G U R A T I O N  

The p r i m a r y  d i f f e r e n c e  i n  t h e  b a s i c  l i d a r  c o n f i g u r a t i o n  b e -  
tween ground-based and airborne operation is that instead of 
u s i n g  a n  o f f s e t  l o c a l  o s c i l l a t o r ,  a p o r t i o n  of  t h e  master o s c i l -  
l a t o r  is  u s e d  as a l o c a l  o s c i l l a t o r  i n  a homodyne c o n f i g u r a t i o n  
as  shown i n  f i g u r e  1 1 .  I n  t h e  a i r b o r n e  c a s e  t h e r e  is  no n e e d  t o  
h a v e  a n  o f f s e t  l o c a l  o s c i l l a t o r .  The D o p p l e r  s h i f t  d u e  t o  t h e  
a i r c r a f t  p r o v i d e s  t h e  o f f s e t  n e c e s s a r v  t o  d e t e r m i n e  t h e  s e n s e  of  
t h e  wind  v e l o c i t y .  There a r e ,  h o w e v e r ,  a d d i t i o n a l  f a c t o r s  c o n -  
t r i b u t i n g  t o  t h e  e r r o r  i n  t h a t  t h e  v e l o c i t y  of  t h e  a i r c r a f t  must  
b e  known as  w e l l  a s  t h e  a t t i t u d e  of  t h e  l i d a r  a n d  t h e  p o i n t i n g  
a c c u r a c y  of t h e  s c a n n e r .  A l l  of t hese  f a c t o r s  a r e  c r i t i c a l  t o  
t h e  wind  measu remen t  a c c u r a c y .  

I n  o p e r a t i o n ,  a n  i n e r t i a l  p l a t f o r m  is  a t t a c h e d  d i r e c t l y  t o  
t h e  l i d a r ,  and  t h e  e n t i r e  assembly i s  s h o c k  mounted  t o  t h e  
a i r c r a f t .  The da ta  from t h e  i n e r t i a l  p l a t f o r m  ( i . e .  p i t c h ,  r o l l ,  
d r i f t  a n g l e  and  t r u e  h e a d i n g ,  t r u e  a i r s p e e d )  a r e  t r a n s m i t t e d  t o  a 
c e n t r a l  c o m p u t e r  which  c a l c u l a t e s  t h e  d e s i r e d  s c a n n e r  s e t t i n g s  
f o r  p o i n t i n g  t h e  l i d a r  beam. The r e s u l t i n g  s c a n n e r  s e t t i n g s ,  
a l o n g  w i t h  g r o u n d  s p e e d  a n d  t r u e  a i r s p e e d ,  a r e  t h e n  u s e d  t o  c a l -  
c u l a t e  t h e  wind  v e l o c i t y  r e l a t i v e  t o  t h e  g r o u n d .  T y p i c a l l y ,  t h e  
l i d a r  beam i s  s c a n n e d  f o r w a r d  2 0  degrees  a n d  t h e n  a f t  2 0  degrees  
i n  a h o r i z o n t a l  p l a n e  a t  t h e  a l t i t u d e  o f  t h e  a i r c r a f t .  T h i s  i s  
d e p i c t e d  i n  f i g u r e  1 2 .  Data a r e  c o l l e c t e d  f o r  each r a n g e  ga t e  of 
t h e  l i d a r  and  a v e r a g e d  f o r  50 p u l s e s .  A s  c a n  b e  s e e n  from t h i s  
f i g u r e ,  e a c h  a f t  s c a n  i n t e r s e c t s  a number o f  p r i o r  forward  s c a n s .  
A t  each i n t e r s e c t i o n  p o i n t  a v e c t o r  v e l o c i t y  c a n  b e  c a l c u l a t e d .  
The results of such a calculation in a uniform flow field are 
shown i n  f i g u r e  1 3 .  R e l a t i v e  a c c u r a c y  on  t h e  o r d e r  o f  0 .2  m / s  
has b e e n  c a l c u l a t e d  i n  s imi l a r  c o n d i t i o n s  by  c o m p a r i n g  a d j a c e n t  
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forward s c a n s  f o r  V a r i a t i o n s  i n  v e l o c i t y  m e a s u r e m e n t s .  The  a b -  
s o l u t e  a c c u r a c y  of t h e  a i r b o r n e  m e a s u r e m e n t s  c a n  b e  d e t e r m i n e d  by 
e x a m i n i n g  g r o u n d  n i t s  when tne beam is g i v e n  a s i i g h t  a n g l e  of 
d e p r e s s i o n .  T h i s  case is  shown i n  f i g u r e  1 4 ,  where a d j a c e n t  f o r -  
ward s c a n s  are  d i s p l a y e d .  T h e s e  s c a n s  h a v e  a 3-degree d e p r e s s i o n  
a n g l e ,  and  t h e  g r o u n d  h i t s  c a n  b e  c l e a r l y  s e e n  a s  a n a r r o w  l i n e  
separa ted  from the  wind  da ta .  These g r o u n d  h i t s  were i s o l a t e d  by 
a m p l i t u d e  d i s c r i m i n a t i o n  and  t h e i r  v e l o c i t y  p l o t t e d  a s  a f u n c t i o n  
of time. The r e s u l t  is shown i n  f i g u r e  15. Large e x c u r s i o n s  on 
t h e  o r d e r  of 2.0 m / s  c a n  b e  seen i n  t h i s  da ta .  These e x c u r s i o n s  
c o r r e s p o n d  t o  h e a d i n g  c h a n g e s  of t h e  a i r c r a f t .  E x t e n s i v e  i n v e s -  
tigations are under way to determine the cause of these excur- 
s i o n s ,  b u t  s o  f a r  no  s a t i s f a c t o r y  e x p l a n a t i o n  has  b e e n  f o u n d .  
The  most l i k e l y  c a u s e  c u r r e n t l y  u n d e r  s t u d y  c o n c e r n s  t h e  p o t e n -  
t i a l  m i s a l i g n m e n t  d u e  t o  i n c r e a s e d  g - l o a d i n g  d u r i n g  a i r c r a f t  
bank .  E r r o r  i n  a r o u n d  s p e e d  c a l c u l a t i o n  by  t h e  i n e r t i a l  p l a t f o r m  
may a l s o  b e  a c o n t r i b u t o r  i n  some cases .  I n  s p i t e  of t h e  un- 
d e s i r a b l e  e x c u r s i o n s ,  t h e  v e l o c i t y  v a r i a t i o n  i n  t h o s e  time 
p e r i o d s  b e t w e e n  h e a d i n g  c h a n g e s  is  q u i t e  s a t i s f a c t o r y .  The time 
s e g m e n t  from 22:30 t o  23:OO is  shown e x p a n d e d  i n  f i g u r e  1 6 .  I n  
t h i s  case t h e  v a r i a t i o n  is l e s s  t h a n  kO.5 m / s  which i s  on t h e  
o r d e r  of t h e  a c c u r a c y  o b t a i n e d  i n  ground-based o p e r a t i o n .  

C O N C L U D I N G  R E M A R K S  

A number of e x a m p l e s  h a v e  b e e n  g i v e n  of  t h e  v a r i o u s  e r r o r s  
which  c a n  o c c u r  i n  c o h e r e n t  l i d a r  da ta  from t h e  i n s t r u m e n t  
s t a n d p o i n t  . It is hoped  t h a t  t hese  e x a m p l e s  w i l l  s e r v e  a s  a 
d e m o n s t r a t i o n  of t h e  ca re  t h a t  must  b e  t a k e n  i n  i n t e r p r e t i n g  da t a  
from s u c h  a n  i n s t r u m e n t  s i n c e  these e r r o r s  c a n  o f t e n  times b e  
m i s t a k e n  f o r  r ea l  data .  I n  a d d i t i o n  t o  t h e  a reas  a d d r e s s e d ,  
t h e r e  a re  s i g n i f i c a n t  p rob lems  i n v o l v e d  i n  t a k i n g  i n t o  a c c o u n t  
t h e  v a r i o u s  atmospheric e f f e c t s  as well a s  t h e  d i f f e r e n t  m e t h o d s  
of s i g n a l  p r o c e s s i n g .  While a l l  o f  t h e s e  p r o b l e m s  a re  d i f f i c u l t  
a n d  e x t r e m e  ca re  mus t  be  t a k e n  i n  d e a l i n g  w i t h  them, c o h e r e n t  
l i d a r s  c a n  p r o v i d e  h i g h l y  a c c u r a t e  v e l o c i t y  da t a  a n d  c a n  s e r v e  a s  
a v e r y  u s e f u l  t o o l  f o r  p e r f o r m i n g  atmosDheric research.  
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Figure 1 .  P U L S E D  C O H E R E N T  C02 LIDAR. 
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Figure 2.  S I M P L I F I E D  BLOCK D I A G R A M  O F  GROUND-BASED CONFIGURATION. 
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F i g u r e  3. P U L S E  S H A P E  D U E  T O  M O D U L A T O R  F A I L U R E .  
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Figure  4 .  A M P L I T U D E  R E T U R N  I N  T H E  V I C I N I T Y  O F  A M O U N T A I N  A F T E R  
M O D U L A T O R  F A I L U R E .  
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Figure 5. APPARENT DOPPLER VELOCITY OF A MOUNTAIN AT A RANGE OF 1 5  KM 
WITH ISOLATOR REMOVED. 
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Figure 6. APPARENT DOPPLER VELOCITY OF A MOUNTAIN AT A RANGE OF 1 5  KM 
WITH I S O L A T O R  I N  PLACE.  
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F i g u r e  7 .  APPARENT DOPPLER VELOCITY OF A MOUNTAIN AT A RANGE OF 4 K M .  
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F i g u r e  8. E F F E C T S  OF MOMENTARY LOSS OF LOCK ON VELOCITY MEASUREMENT. 
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F i g u r e  9 .  L O N G - T E R M  S T A B I L I T Y  O F  V E L O C I T Y  M E A S U R E M E N T  A G A I N S T  A 
S T A T I O N A R Y  T A R G E T .  
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F i g u r e  1 0 .  F R E Q U E N C Y  E X C U R S I O N  O F  M A S T E R  O S C I L L A T O R  L A S E R  B E I N G  D R I V E N  
OUT O F  T H E  P A S S  B A N D  OF T H E  S I G N A L  P R O C E S S O R  E L E C T R O N I C S .  
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Figure 11 .  S I M P L I F I E D  B L O C K  D I A G R A M  O F  A I R B O R N E  CONFIGURATION. 

F i g u r e  1 2 .  S C A N  P A T T E R N  OF T H E  A I R B O R N E  LIDAR. 
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Figure 13. V E C T O R  V E L O C I T Y  MAP O F  A U N I F O R M  F L O W  F I E L D  I N  A H O R I Z O N T A L  
P L A N E  A T  T H E  A L T I T U D E  O F  T H E  AIRCRAFT. 
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Figure 1 4 .  P L A N  V E L O C I T Y  D I S P L A Y  O F  A I R B O R N E  M E A S U R E M E N T S  S H O W I N G  
G R O U N D  R E T U R N  F R O M  A D J A C E N T  F O R W A R D  S C A N S  H A V I N G  AN A N G L E  
O F  D E P R E S S I O N  O F  3 DEGREES. 
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Figure 15.  A P P A R E N T  D O P P L E R  V E L O C I T Y  O F  G R O U N D  A S  A F U N C T I O N  OF TIME. 
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Figure 1 6 .  E X P A N D E D  V I E W  OF A P P A R E N T  D O P P L E R  V E L O C I T Y  O F  G R O U N D  A S  A 
F U N C T I O N  OF TIME. 
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